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Mesozoic Plants and 
dinosaur Herbivory
P. Martin sander, carole t. Gee, Jürgen Hummel, 
and Marcus clauss
For most of their existence, herbivorous dinosaurs fed on a gymnosperm-
dominated flora. Starting from a simple reptilian herbivory, ornithischian 
dinosaurs evolved complex chewing dentitions and mechanisms, while 
sauropodomorph dinosaurs retained the primitive condition of not chew-
ing. Some advanced theropod dinosaurs evolved a bird-type herbivory 
with a toothless beak and a gastric mill. Dinosaur digestive tract remains, 
coprolites, and other trace fossils offer little evidence for dinosaur food 
preferences. Ferns, seed ferns, ginkgoes, and the Cheirolepidiaceae were 
previously viewed as the food plants favored by dinosaurs. However, ani-
mal nutrition science, comparative herbivore physiology, and digestive 
tract anatomy of modern herbivores suggest otherwise. In fermentation 
experiments, energy release is much greater in horsetails and most co-
nifers, especially Araucaria, than in many ferns, cycads, and podocarp 
conifers. Sauropods as bulk feeders must have relied on plants that pro-
vided much biomass and regenerated foliage quickly, namely, conifers 
and ginkgoes. This argues against most ferns and cycads, which offer little 
biomass and energy.
During the Mesozoic, the flowering plants began their dominance of 
the global vegetation around the start of the Late Cretaceous, but the 
dinosaurs arose in the Late Triassic. Thus, for over 100 million years, 
herbivorous dinosaurs—the predominant terrestrial herbivores—fed on a 
flora consisting primarily of gymnosperms such as conifers, seed ferns, cy-
cads, benettitaleans, and ginkgophytes. As a matter of necessity, dinosaurs 
evolved a variety of adaptations to feed on this preangiosperm flora. In 
light of new developments in our knowledge of dinosaur herbivory in the 
last 20 years, we present here an updated survey of evidence pertaining to 
the food ecology of dinosaurs and the plants that they fed on.
The morphology and anatomy of Mesozoic plants and the phyto-
chemistry of living relatives have traditionally been used to infer herbivo-
rous dinosaur dietary preferences. However, in the meantime, not only 
has new fossil evidence in the form of digestive tract contents, coprolites, 
and gastric mills been discovered, but also innovative studies on the in-
ferred digestibility of the Mesozoic flora, tooth enamel microstructure, 
and allometric and scaling effects in the herbivore digestive tract offer 
new perspectives on dinosaur plant eaters and their food preferences. 
introduction
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In this chapter, we synthesize this information to arrive at a more com-
prehensive, current, and better-supported understanding of dinosaurian 
herbivory.
Because it is impossible to conduct empirical feeding experiments on 
nonavian dinosaurs, all dietary information must come either from direct 
or indirect fossil evidence, such as “stomach” contents or coprolites, or 
through inferences based on indirect fossil evidence and data derived 
from field or laboratory experiments on birds or living representatives of 
the Mesozoic plant groups. Similarly, the functional analysis of dinosaur 
skeletons and dentitions in regard to herbivory (see recent summaries by 
Sues 2000) has contributed much in the way of indirect data.
Skeletal and dental evidence for dinosaur herbivory and particularly 
dietary preferences has received considerable attention by vertebrate pale-
ontologists (for reviews, see Weishampel 1984; Galton 1986; Weishampel 
and Norman 1989; Weishampel and Jianu 2000; Fastovsky and Smith 
2004; Weishampel et al. 2004; Fastovsky and Weishampel 2005). Her-
bivory and its specific expression among the dinosaurs is dependent to a 
major extent on phylogenetic relationships (Fig. 14.1). The sister group of 
the dinosaurs was carnivorous, while most dinosaurs are herbivorous. The 
entire clade Ornithischia, for example, is herbivorous. The Saurischia, 
with its two major clades, the Sauropodomorpha and the Theropoda, 
are both herbivorous and carnivorous (Fig. 14.1). Although all sauropod-
morphs appear to have been plant eaters, theropods retained the plesio-
morphic feeding habit of carnivory (Figs. 14.1, 14.2), with the exception 
of some derived forms on the line to birds and among birds themselves.
Sauropodomorphs
In the basal sauropodomorphs (“prosauropods”) of the Late Triassic and 
Early Jurassic, the dentition consists of numerous, coarsely denticulate, 
leaf-shaped teeth (Fig. 14.2). This dentition is the generalized type that oc-
curs in many groups of fossil reptiles and in modern herbivorous reptiles 
(herbivorous lizards) and indicates that the animals simply bit or stripped 
leaves from branches but did not chew them (Galton 1986; Barrett 2000).
The basal sauropodomorphs are the first high browsers in the fossil 
record that were able to reach plant parts higher than 1 m off the ground 
(Galton 1986, 1990). The lack of oral processing (e.g., chewing) was 
retained by the later sauropods, which achieved gigantic body sizes. Al-
though there is considerable diversity in sauropod tooth morphology (Fig. 
14.2), there is no evidence that any sauropods possessed fleshy cheeks or 
chewed their food (Upchurch and Barrett 2000; Barrett and Upchurch 
2005). The large particles of plant tissue that resulted from this type of 
ingestion must have been fermented in specialized regions of the gut, 
probably in the hindgut (Farlow 1987; Hummel et al. 2008b). This large 
skeletal and 
dental evidence
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Fig. 14.2. Tooth morphol-
ogy is the best indicator of 
dietary preference among 
dinosaurs. (A–C) Carnivore 
teeth are laterally com-
pressed, recurved cones. 
They bear anterior and 
posterior cutting edges with 
fine serrations. (A) Troodon. 
(B) Saurornitholestes. (C) Ple-
siomorphic large theropod. 
(D–G) Sauropodomorph 
teeth. (D) Plateosaurus 
teeth are of the generalized 
reptilian herbivore type. (E) 
Sauropod teeth range from 
slender and pencil shaped 
(Diplodocus) to more mas-
sive and spatula shaped, 
with obvious wear facets (F, 
G, the brachiosaurid Oplo-
saurus). (H, I) Armored di-
nosaur (thyreophoran) teeth 
are simple structures with 
coarse denticles. (H) The 
ankylosaurus Edmontonia. (I) 
The stegosaur Stegosaurus. 
(J, K) Isolated upper tooth of 
Triceratops in lateral (J) and 
anterior (K) views. This tooth 
would have been part of 
a tooth battery and would 
have experienced heavy 
wear. (L–O) Ornithopod 
teeth all show extensive 
wear and in advanced forms 
are tightly integrated into 
tooth batteries. (L) Dryosau-
rus. (M) Isolated lower tooth 
of Iguanodon in medial view 
and (N) in lateral view. (O) 
Part of the tooth battery in 
a hadrosaur lower jaw in 
medial view. Shorter scale 
bar for A–C (entire teeth) = 
5 mm; longer scale bar for 
A–C (close-ups of serrations) 
= 1 mm. Scale bar = 1 mm 
(D), 1 cm (E–K, M, N), 5 mm 
(L), 5 cm (O). From Sander 
(1997).
particle size was offset by the large retention times that were possible in 
very large animals (Hummel et al. 2008a; Hummel and Clauss, in press; 
Clauss et al., in press).
Recent work by Wings and Sander (2007) indicates that it is unlikely 
that sauropods had a gastric mill. Although gastroliths are occasionally 
found with sauropod skeletons, comparison with modern birds with gas-
tric mills, such as ostriches, suggests that the number of gastroliths associ-
ated with these sauropod individuals would have been wholly insufficient 
in number. Furthermore, the high polish found on sauropod gastroliths 
is inconsistent with the abrasive environment of a gastric mill (Wings 
and Sander 2007).
It should also be noted that any kind of mechanism leading to the 
comminution of plant tissue, by either oral processing or a gastric mill, 
would have limited the rate of food intake (Hummel and Clauss, in 
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press). Limits on the rate of food intake, in turn, would have been disad-
vantageous to the evolution of gigantic body size of sauropods (Sander 
and Clauss 2008). This is suggested by the extraordinary amount of time 
modern elephants spend on feeding, although they do digest their food 
rather inefficiently (Clauss and Hummel 2005).
One of the most prominent characters of sauropods is their extremely 
long neck. It is thought that this long neck evolved as an adaptation for 
high browsing in trees and for increasing lateral feeding range (Dodson 
1990; Christian and Dzemski 2007; Dzemski and Christian 2007). The 
long neck must have allowed sauropods to exploit the full spectrum of 
plant heights, from low-growing plants to midsized shrubs to large trees.
However, neck posture varied in sauropods, and there are opposing 
views on how some sauropod groups such as the diplodocids and bra-
chiosaurids were able to hold their long necks. Some argue for a head 
position from low to medium height even in Brachiosaurus on the basis of 
modeling of the mobility of the joints in the neck (e.g., Stevens and Par-
rish 2005) and cardiovascular constraints (Seymour and Lillywhite 2000). 
Others argue, on the basis of the comparison with recent long-necked 
herbivores (camels and ostriches), that a wide range of movements and a 
habitually more erect neck posture was possible (Dzemski and Christian 
2007; Christian and Dzemski 2007; Taylor et al. 2009). This would have 
resulted in a larger, three-dimensional “feeding envelope” allowing the 
animals to take up more energy from a single feeding station without 
moving the body.
Theropods
The theropods are generally known as meat-eating dinosaurs, but her-
bivory evolved repeatedly in nonavian theropods and in birds (Figs. 14.1, 
14.2). This includes the enigmatic therizinosaurs (Weishampel and Jianu 
2000; Clark et al. 2004), which have jaws, dentitions, and teeth that are 
similar in shape to those of prosauropods, suggesting a similar diet and 
feeding style. Two other lineages of derived theropods, the ornithomimo-
saurs and oviraptorosaurs, were toothless (or nearly so). The small head 
on the long flexible neck in the ornithomimosaurs would have been 
suitable for feeding on small vertebrates and invertebrates, as well as on 
plant matter (Kobayashi et al. 1999; Ji et al. 2003; Makovicky et al. 2004; 
Osmólska et al. 2004; Barrett 2005). However, some ornithomimosaurs 
clearly were filter feeders (Makovicky et al. 2004).
The jaws of advanced oviraptorosaurs appear adapted to high bite 
forces and were possibly used to feed on hard-shelled seeds, not on eggs 
as their name would suggest. The eggs on which the oviraptorosaurs were 
believed to be feeding turned out to be their own eggs (Norell et al. 1994). 
However, a skeleton of a young dromaeosaurid in one of these nests may 
indicate at least occasional carnivory in oviraptorosaurs (Norell et al. 
1994). Similarly, tall and short jaws, like those in oviraptorosaurs, have 
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been observed in the dromornithid birds of the late Tertiary and Pleisto-
cene of Australia, which are primarily interpreted as herbivores, but also 
as scavengers (Murray and Vickers-Rich 2004). Primitive oviraptorosaurs 
such as Caudipteryx show evidence of a well-developed gastric mill. The 
mass and shape of the gastric mill found with all known skeletons of 
Caudipteryx closely resembles that of modern granivorous birds (Wings 
and Sander 2007) and present strong evidence for herbivory.
Ornithischians
In the Ornithischia, the first adaption to herbivory was a horny beak, a 
so-called rhamphotheca; most ornithischians had lost their anterior teeth 
and replaced them with this horny beak (Fig. 14.3). Concurrent with 
this adaptation, the tooth rows were set inward from the margin of the 
jaw, which implies the development of muscular cheeks (Galton 1986; 
Weishampel and Norman 1989; Weishampel and Jianu 2000). This primi-
tive pattern was retained by the armored dinosaurs (Thyreophora), the 
stegosaurs and ankylosaurs, which must have fed low to the ground. This 
would have meant a diet of low-growing ferns and fern allies (Weishampel 
and Norman 1989; Weishampel and Jianu 2000).
Basal ornithischians such as Lesothosaurus had fairly simple, den-
ticulate teeth that show only limited wear, while the ornithopodan and 
Fig. 14.3. Skull of a 
mummified carcass of 
Edmontosaurus annectens 
from the Late Cretaceous 
of Wyoming. Note the well-
preserved, broad beak sepa-
rated by a gap (diastema) 
from the inset tooth row. 
This carcass once contained 
matted plant remains in 
its abdominal region; this 
specimen is on display at the 
Senckenberg Museum in 
Frankfurt, Germany. Photo 
by P.M.S.
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ceratopsian clades both independently evolved grinding teeth (Fig. 14.2) 
(Norman and Weishampel 1985, 1991; Weishampel and Norman 1989; 
Sander 1997; Weishampel and Jianu 2000). A gradual increase in mas-
tication is well documented by the evolution of ever more complex 
tooth batteries in these groups, especially in the ornithopods. The most 
elaborate of these tooth batteries is seen in the most derived ornithopods, 
the hadrosaurs (Figs. 14.2, 14.3). On the basis of their body size and fac-
ultatively bipedal stance, large ornithopods such as iguanodontians and 
hadrosaurs would have been able to feed on plant parts growing several 
meters above the ground (Weishampel and Norman 1989; Tiffney 1997; 
Weishampel and Jianu 2000).
In ornithopod dinosaurs, a gradual increase in body size accom-
panied the increasing complexity of tooth batteries and led to elongate 
horselike skulls in the larger ornithischians (Fig. 14.3) (Norman and 
Weishampel 2004). An equivalent trend occurred later in mammalian 
herbivores, in particular in the horses (MacFadden 1994). The explana-
tion behind the evolutionary coupling of a more complex tooth battery 
and an elongate skull is allometric growth, because the grinding surface 
of the teeth increases by the second power while the volume of the ani-
mal’s body size increases by the third power. Although metabolic rate 
increases by two-thirds or three-fourths power (Clauss et al. 2008), this 
still results in a strongly positive allometry of the dental and mastication 
process.
In the ceratopsian lineage, a rather similar evolutionary trend is 
evident (Weishampel and Norman 1989; Weishampel and Jianu 2000; 
You and Dodson 2004). Even the earliest ceratopsians show occlusion 
(secondary wear facets). In the psittatosaurus (small bipedal dinosaurs 
from the Lower Cretaceous of China), the development of a gastric mill 
aided the tooth batteries in the comminution of plant material (Wings 
and Sander 2007). There is no evidence in the ceratopsians proper for a 
gastric mill, but elaborate tooth batteries are present in neoceratopsians 
(Dodson et al. 2004), which similarly resulted in extremely large skulls 
in the very large forms. Even the large neoceratopsians must been low 
browsers because of their obligatory quadrupedal stance, short forelegs, 
and short neck.
In both the ornithopods and the derived ceratopsians, the tooth bat-
tery shows a single occlusal surface, which was kept fully functional by 
the continual replacement of teeth (Sander 1997). In hadrosaurs, up to 
four replacement teeth were present at any one time in a single tooth 
position (Fig. 14.2). Their solution to the problem of abrasive plant mate-
rial is different from those found by the mammals; the mammals evolved 
high tooth crowns in their cheek teeth, as exemplified by the horses, or 
ever-growing teeth, such as in a few rodents and some South American 
ungulates (Rensberger 2000).
However, hadrosaurs differ from neoceratopsians in their specific 
mechanism of mastication, which led early on to the recognition that the 
elaborate tooth batteries of the two groups evolved convergently (Ostrom 
Fig. 14.4. Enamel micro-
structure of dinosaur teeth 
as seen by the scanning 
electron microscope. The 
outer enamel surface is at or 
beyond the top of all images 
except in (B) and (G). (A, B) 
Carnivore (indeterminate 
tyrannosaurid) enamel show-
ing well-organized columnar 
enamel in (A) longitudinal 
and (B) tangential section. 
(C–E) Enamel of nonchew-
ing herbivores such as that 
of the sauropodomorphs 
Plateosaurus (C, longitudinal 
section) and Diplodocus 
(D, cross section) and the 
ankylosaur Palaeoscincus (E, 
longitudinal section) shows 
a rather poorly organized 
microstructure. (F–H) The 
most complex enamel 
microstructures are seen in 
chewing ornithischian dino-
saurs such as the advanced 
ornithopod Iguanodon (F, 
longitudinal section) and an 
indeterminate ceratopsid 
(H, oblique section cut from 
the inside of the tooth). (G) 
Globular micromorphology 
of the hadrosaur enamel 
surface. Scale bars = 10 µm 
(A–E), 30 µm (F–H). From 
Sander (1997).
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1964a, 1964b). In hadrosaurs, grinding of food in the tooth battery was 
achieved by a slight rotation of the jaw elements around their long axis 
(Norman and Weishampel 1985). Specifically, the grinding surface of the 
lower jaw faced upward and outward and that of the lower jaw downward 
and inward, and the upper tooth-bearing bone, the maxilla, was not 
tightly connected to the rest of the skull. Thus, when the jaws closed, 
it swung outward and produced a grinding movement. The grinding 
surfaces of the neoceratopsians, on the other hand, stood nearly vertical 
and sheared past each other as the jaws closed (Ostrom 1964a; Sander 
1997; Dodson et al. 2004).
The microstructure of dinosaurian tooth enamel has been extensively 
studied with the scanning electron microscope, and distinctive differences 
among carnivores, nonchewing herbivores, and chewing herbivores are 
apparent (Sander 1997, 1999, 2000; Hwang 2005). The recurved, later-
ally flattened teeth of theropod dinosaurs have well-organized columnar 
enamel (Fig. 14.4A, B), while those sauropodomorph teeth studied (e.g., 
Plateosaurus, Diplodocus) have poorly organized columnar enamel that 
is thin (Sander 1999; Hwang 2005).
Both advanced ornithopods (iguanodontians and hadrosaurs) and 
ceratopsians show a more complex enamel microstructure (Fig. 14.4F, H) 
and unusual globular enamel surface morphologies (Fig. 14.4G) that are 
correlated with their elaborate tooth batteries. Differences in enamel mi-
crostructure and surface morphology between the two taxa are consistent 
with the convergent origin of ornithopod and ceratopsian tooth batteries. 
The wavy enamel of advanced ornithopods seems to have evolved to in-
crease abrasion resistance (Sander 1997, 1999, 2000), while the functional 
significance of ceratopsid columnar enamel is not clear.
Reports of fossil digestive tract remains, or “stomach” contents, are not 
uncommon in the literature, although most of them tend to be descriptive 
or anecdotal in nature.
Sauropods
In the Late Jurassic Morrison Formation of North America, plant remains 
were found in the abdominal region of a sauropod that contained “an 
amount of carbonaceous material . . . old stems, bits of leaves, other plant 
matter” during Barnum Brown’s well-known excavation of the Howe 
Quarry in north-central Wyoming in 1934 (Bird 1985: 63). Judging from 
this account, it seems improbable that this occurrence was looked at as 
anything more than a curiosity, or that any of the fossil plant material was 
conserved or formally studied.
evidence from 
tooth enamel 
Microstructure
evidence from 
digestive tract 
remains
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Putative stomach contents were noted again in the Morrison Forma-
tion on the Howe Ranch nearly half a century later. During a second 
set of excavations by Hans-Jakob Siber in the original Howe Quarry in 
1990–1991 (cf. Gee and Tidwell 2010), patches of compressed coalified 
plant matter were observed among the sauropod bones and interpreted 
as stomach contents (Michelis 2004). One of these patches of plant ma-
terial contained a single smooth pebble that was thought to represent a 
gastrolith. This occurrence of stomach contents was not, however, found 
in the abdominal cavity of a skeleton, as in the case in 1934, or even in as-
sociation with a fossil carcass because the Howe Quarry was nearly played 
out in 1990 and only isolated ribs and vertebrae were found. Incidentally, 
Brown, in his 1934 dig, had found a group of similar pebbles that he took 
to be gastroliths, but these stomach stones were not associated with any 
fossil plants (Bird 1985; Michelis 2004). As with 1934 dig, the 1990–1991 
putative stomach content remains from Howe Quarry have not received 
any formal study, although a short description is provided by Michelis 
(2004).
In the Brushy Basin Member of the Morrison Formation in Utah, 
a 40-kg heavy, fossiliferous mass in the shape of a flattened ovoid was 
heralded as the fossilized stomach contents of a sauropod (Stokes 1964). 
The rock mass contained short lengths of woody branches and bone and 
tooth fragments, and was found among the dispersed skeletal remains of 
a large sauropod. This was sensational news that made it into Science, 
because it pointed to an omnivorous food habit in sauropods.
In May 1992, the original collecting site was relocated by Sidney 
Ash and Don Tidwell with help of one of the original discoverers. They 
found that the source of the ovoid mass was a fossiliferous, elongate 
lens of predominately calcareous sediment about 30 m in length (Fig. 
14.5). This deposit contained a mix of plant material, small teeth, and 
bones (Fig. 14.6A, B; Plate 15A, B) similar to that described from the 
supposed stomach contents. Larger bones, such as sauropod vertebrae, 
were also scattered along the ledge where the deposit cropped out (W. 
D. Tidwell, personal communication to C.T.G., 2008). The fossil plants 
consisted primarily of 3–4-cm-long stems of the enigmatic gymnosperm 
Fig. 14.5. The fossiliferous 
deposit (arrow) from which 
Stokes’s (1964) “fossilized 
stomach contents of a 
sauropod dinosaur” came; 
site relocated by S. R. Ash 
and W. D. Tidwell. Photo 
courtesy of S. R. Ash.
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Hermatophyton, but also included some fragments of conifer wood, a 
few seeds and leaves, and small bits of bone of a sauropod, probably 
Camarasaurus (Ash 1993: 4). These fossil plant remains and bones are 
embedded as clasts in the calcareous matrix; some of these dinosaur 
bones measured up to 50 cm in length.
Hence, the stomach contents described by Stokes (1964) are not an 
example of the digestive tract remains of a sauropod but are likely “merely 
a small fragment of a peculiar conglomerate that may have accumulated 
on the floor of a small pond during the Late Jurassic” (Ash 1993). Facies 
analysis and interpretation of the deposit is currently in progress (S. R. 
Ash, personal communication to C.T.G., 2008).
Fig. 14.6. A sample of 
Stokes’s (1964) “fossilized 
stomach contents of a 
sauropod dinosaur” col-
lected by S. R. Ash and W. 
D. Tidwell. (A) Top view 
of a rock sample from the 
fossiliferous deposit in Figure 
14.5. Note the slender bone 
fragments (arrows) and 
larger, flatter bone frag-
ment (b), all presumably of 
sauropod origin, on the left. 
(B) Lateral view of cut and 
polished section of the rock 
sample in (A). Also note the 
poorly sorted clasts in this 
matrix-supported calcareous 
mass. Photos courtesy of 
S. R. Ash.
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Basal Birds
In contrast to the disappointing lack of convincing evidence in the sau-
ropods, an unequivocal example of fossil gut remains is known among 
herbivorous theropods, more specifically in a basal bird, Jeholornis prima,
from the Early Cretaceous of China (Zhou and Zhang 2002). Jeholornis 
prima was a large and long-tailed bird and is known from a partially 
articulated skull and a nearly complete postcranial skeleton. In its ab-
dominal area, there are clear impressions of dozens of round, lightly and 
longitudinally striated seeds about 1 cm in diameter, which have been 
assigned to the form genus Carpolithus. This is an unequivocal instance 
of a Cretaceous bird with stomach contents and shows that granivory, or 
seed eating, had evolved in the theropod line by the Early Cretaceous. 
This is also suggested by the gastric mill seen in the derived nonavian 
theropods of the clades Ornithomimosauria and Oviraptorosauria (Wings 
and Sander 2007). The intact nature of the seeds in Jeholornis indicates 
that the bird swallowed the seeds whole and would have processed them 
up into smaller particles in its gizzard, while the great number of seeds 
suggests that it possessed a large crop (Zhou and Zhang 2002). Further-
more, we note that the plant material in this bird’s digestive tract consists 
of only one species of plant (Carpolithus sp.) and of only one type of 
plant part (seeds).
Hadrosaurs
Hadrosaurs with putative stomach contents have been discovered three 
times in Late Cretaceous dinosaur faunas in North America (Taggart and 
Cross 1997). The first two were mummified specimens of Edmontosaurus 
annectens (cf. Currie et al. 1995), which were collected by Charles H. 
Sternberg and his sons, George and Charles M., in Wyoming (Sternberg 
1909, 1917). The first specimen, deposited in the collections of the Ameri-
can Museum of Natural History in New York, contained carbonized 
stomach contents, but the plant material was apparently not described 
(cf. Currie et al. 1995). The second specimen, collected from the same 
region in 1910, was sent to the Senckenberg Museum in Frankfurt, Ger-
many, where it can still be seen on display today (Fig. 14.3). This mum-
mified carcass contained a balled-up mass of plant material, which was 
macerated and studied by Richard Kräusel, who identified needles of a 
common Cretaceous conifer that he called Cunninghamites elegans,
twigs of conifers and dicots, and numerous small seeds or fruits (Kräusel 
1922). Maceration of the plant matter apparently prevented conservation 
of the digestive tract remains that would enable a critical assessment of 
its authenticity (Currie et al. 1995; Chin 1997).
A third hadrosaur with putative stomach contents was recovered from 
the Late Cretaceous Dinosaur Park Formation in Alberta, Canada (Cur-
rie et al. 1995). This specimen was identified as Corythosaurus casuarius 
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and is on display in the Dinosaur Hall of the Royal Tyrrell Museum in 
Drumheller, Alberta, Canada; the plant-filled mass found in its abdomi-
nal region is deposited in the collections of this museum (Fig. 14.7A, B). 
Like the other two specimens, this hadrosaur was mummified, and the 
gut contents of plant material were found within the skin of the animal. 
This plant material was made up of small pieces of wood and small 
twigs, seeds and seed pods, and small pieces of charcoal; there are twice 
as many conifer remains as angiosperm remains. Palynological study of 
the stomach contents revealed that a relatively diverse palynoflora of 30 
taxa of spores, pollen, megaspores, fungal spores, acritarchs, dinocysts, 
and possible algae was present. As a result of their thorough investiga-
tion, Currie et al. (1995) posit that the most conservative conclusion is 
that the plant remains associated with the Canadian hadrosaur cannot be 
shown to represent the remains of its digestive tract. The diversity of the 
palynoflora, as well as the size uniformity of the plant megafossils and the 
occurrence of charcoal, dinocysts, and rare algae, suggest that the plant 
remains may have been accumulated and washed into the body after 
death by hydraulic processes.
Coprolite evidence is more common than the fossil remains of digestive 
tracts, but it is more difficult to pin down the exact provenance of the fe-
cal material. The producer of a specific type of coprolite must be inferred 
from the size of the coprolite relative to the size of the probable animal in 
the local fauna. Hence, most Mesozoic coprolites can only be generally 
ascribed to herbivorous dinosaurs and not to any one particular group.
Sauropods
Coprolites of titanosaur sauropods were reported from the Late Creta-
ceous Lameta Formation of central India (Matley 1939; Ghosh et al. 2003; 
Mohabey 2005; Prasad et al. 2005). There are four types of coprolites, 
which were all attributed to this group of giant sauropods, as titanosaur 
bones are the only herbivorous dinosaur remains in these deposits. The 
plant matter in these coprolites consists mostly of gymnospermous re-
mains, such as cuticles and woody tissue, but also includes bacterial 
colonies, fungal spores, and algal remains, as well as phytoliths of palms 
and a variety of grasses. As with the Mygatt-Moore coprolites (see below), 
such a diverse assemblage of plant parts would also reflect a generalist 
feeding habit. Nevertheless, there is some doubt in this case, too, because 
it is questionable if the coprolites from this locality that were examined 
by one of us (P.M.S.) truly pertain to titanosaurs, owing to their relatively 
small size (less than 10 cm in diameter). The small size of the coprolites 
would not be inconsistent with sauropod body size if sauropods had 
produced small fecal pellets like some modern herbivores (e.g., horses, 
deer, rabbits). However, these putative sauropod fecal pellets should then 
evidence from 
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be grouped in clusters and should not occur as solitary nodules, as they 
do in the Lameta Formation (cf. Matley 1939; A. Sahni, personal com-
munication to P.M.S., 2006). Just as in the case of dinosaur eggs (Norell 
et al. 1994), caution is necessary in regard to the assignment of specific 
coprolites to specific dinosaur groups, and only unequivocal associations 
(e.g., a fecal mass inside a dinosaur skeleton) would provide a firm basis 
for the identification of the producer.
Hadrosaurs
Another case of putative herbivorous dinosaur coprolites filled with fun-
gally decayed wood has recently been reported from the Late Cretaceous 
Two Medicine Formation of Montana (Chin 2007). The find consists of 
18 large, irregularly shaped masses with a volume of up to 7 liters. These 
nodules are composed of up to 85% conifer wood, either in the form of 
wood clasts or smaller fragments. Striking is the occurrence of disaggre-
gated tracheids and of fossil hyphae, both of which are evidence of fungal 
activity in the wood. The preponderance of wood fragments and lack of 
small-diameter twigs suggest that the coprolite producers would have 
intentionally fed on the fungally degraded wood and that they did not 
accidentally ingest the rotten wood while browsing on fresh leaves, twigs, 
and small branches. Because ingestion appears to have been intentional, 
Chin (2007) argued that the dinosaurs ate the rotten wood to exploit the 
nutrient resources in the wood released by fungal attack. The coprolites 
occur in a series of strata ranging from 74 to 80 million years old, which 
represents a reoccurring, perhaps seasonal, pattern of decayed wood con-
sumption, and were most likely produced by the hadrosaur Maiasaura,
which is the most common dinosaur at the coprolite localities and was 
large enough to have produced these gigantic coprolites (Chin 2007).
Fig. 14.7. Putative stomach 
contents of the hadrosaur 
Corythosaurus casuarius 
from the Late Cretaceous 
Dinosaur Park Formation 
in Alberta, Canada. TMP 
1980.040.0001, Collections 
of the Royal Tyrrell Museum, 
Drumheller, Alberta, Canada. 
(A) The larger of the two 
blocks of matrix recovered 
from within the hadrosaur. 
(B) Close-up of the block in 
(A) showing the fragments 
of plant material in the ma-
trix. Photos by Nadine Pajor 
and Thomas Breuer.
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If these nodules do indeed represent coprolites, an alternative sug-
gestion is that the fungus developed in the feces after excretion. This 
is commonly observed by two of us (M.C. and J.H.) in herbivore feces 
during feeding trials, if the feces are not immediately frozen after collec-
tion. Moreover, it seems unlikely that a herbivore would regularly and 
willingly ingest fungally decayed wood.
Unspecified Herbivorous Dinosaurs
In the Middle Jurassic of England, numerous coprolite pellets with the 
leaf remains of various gymnosperms were studied from localities in 
North Yorkshire famous for their rich and diverse fossil flora (Hill 1976). 
More than 250 pellets were found clustered into random groups, which 
were spread over an area of about one square meter and dispersed over 
several bedding planes. Most of the individual pellets measured 10–13 mm 
in diameter and resembled the pelleted form of sheep’s dung. Maceration 
of the coprolites yielded predominantly the thick, resinous leaf cuticle 
of the bennettitalean Ptilophyllum pectinoides, although there were also 
a few cuticle fragments of Solenites or Czekanowskia, Nilssoniopteris 
vittata, and Williamsonia—all gymnosperms now extinct. On the basis 
of the correlation between their size and possible producers in the local 
fauna, these pellets were attributed to a herbivorous dinosaur about the 
size of a sheep or large rabbit, such as an ornithopod dinosaur (Hill 1976).
Coprolites of herbivorous dinosaurs also occur in the Late Jurassic 
Morrison Formation of North America. In western Colorado, for exam-
ple, plant-bearing nodules of round to irregular shapes were discovered 
in the Mygatt-Moore Quarry (Chin and Kirkland 1998). These nodules 
range in size from 5 to 15.5 cm in diameter and contain a variety of plant 
parts from a number of plant groups, such as gymnosperm seeds, fern 
sporangia, cycadophyte fronds and petioles, and conifer wood and cuticle 
(Brachyphyllum), as well as volcanic ash. The identification of these 
nodules as herbivore coprolites was made on the bases of the inclusion 
of plant parts and on their distinctive shape in the mudstone matrix of 
the quarry.
The combination of a diverse assemblage of plant remains and in-
gested volcanic ash is believed to indicate a broad diet on the part of the 
herbivore. The size of the coprolites suggests that they may have been 
produced by small herbivorous dinosaurs, for example, the Mygatt-Moore 
nodosaur Mymoorapelta, or perhaps by juvenile dinosaurs of a larger spe-
cies passing through this area during Jurassic times. Some doubt has been 
cast on the fecal origin of these nodules. It has been pointed out that the 
well-preserved, intact fern sporangia still retaining spores and attached 
to their original frond, cycad fronds and petioles, and cuticle and seeds 
with their fleshy outer layers still attached found in these nodules would 
not have survived the digestive system of a herbivorous dinosaur. Passing 
through the dinosaur, the material should have been macerated, rather 
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than remaining in pristine condition (W. D. Tidwell, personal commu-
nication to C.T.G., 2008). Similarly, it is questionable whether an animal 
would willingly feed on volcanic ash.
Assessment of Stomach Contents and Coprolites
On the basis of our survey, it appears that the reports of dinosaur stomach 
contents and coprolites are variable in their authenticity. The authentic-
ity of the stomach contents in sauropods, for example, is not at all well 
supported, whereas the report of stomach contents in a seed-eating Cre-
taceous bird (Zhou and Zhang 2002) is well documented. Ascertaining 
the authenticity of coprolites and assigning them to a specific dinosaur 
producer seems to be equally as difficult.
One characteristic that seems to typify the better-substantiated cases 
of stomach contents and coprolites is their monotypic nature in regard 
to plant parts and generally monospecific composition in regard to plant 
species. Examples include the Carpolithus seeds in the gut of the Creta-
ceous bird Jeholornis prima (Zhou and Zhang 2002), or the plenitude of 
bennettitalean leaf cuticle of Ptilophyllum pectinoides in the Yorkshire 
dinosaur pellets (Hill 1976). This would be consistent with a feeding 
behavior in which an animal would exploit just one plant part of a single 
species, depending on what is available and ripe at the time. Stomach 
contents would thus be a snapshot of the dietary intake of the animal at 
one moment in time—that is, what the animal was eating immediately 
before death and burial—and are less likely to represent a sampling of its 
overall diet. Accumulations resembling stomach contents or coprolites 
that bear a wide variety of plant groups and plant parts might have very 
well come together as a result of taphonomic processes and not through 
ingestion by an animal.
Dinosaur tracks are direct evidence of behavior and as such have the 
potential to record feeding in dinosaurs. Only one such case appears to 
have been documented in the fossil record, however. It consists of orni-
thopod tracks with toes pointing toward the bases of large trees preserved 
in the roof shales of a coal mine in Utah, U.S.A. (Balsley and Parker 1983; 
Carpenter 1992; Taggart and Cross 1997). The roof shales and tree bases 
represent a fossilized forest floor on which large ornithopods, presumably 
some kind of hadrosaur, congregated and walked up to the trees to browse. 
The trees pertain to large taxodiaceous conifers, suggesting that the 
ornithopods fed on the foliage of these conifers (Taggart and Cross 1997).
In regard to the issue of dinosaur herbivory, paleobotanists and verte-
brate paleontologists have mainly been interested in dinosaur–plant in-
teractions and possible coevolution between the two groups, particularly 
evidence from 
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during the rise of the angiosperms during the Cretaceous (e.g., Kras-
silov 1981; Coe et al. 1987; Wing and Tiffney 1987a, 1987b; Weishampel 
and Norman 1989; Taggart and Cross 1997; Tiffney 1997; Weishampel 
and Jianu 2000; Leckey 2004; Butler et al. 2009). Nearly all of these 
workers also tackled the question of dinosaur food preferences from the 
perspective of fossil plants.
A focus of these studies have been the paleobotanical and sauropod 
data from the Morrison Formation. The general consensus is that the sau-
ropod dinosaurs of the Morrison were low-browsing fern grazers (Taggart 
and Cross 1997) in open expanses that were prairielike (Taggart and Cross 
1997) or that were dotted with small stands or groves of tree ferns and 
conifers (Coe et al. 1987; Rees et al. 2004). These studies also generally 
agree that the giant sauropods fed on large volumes of low-quality fod-
der (Coe et al. 1987; Wing and Tiffney 1987b), although the nutritional 
content of potential food sources was not quantified or documented in 
any of these studies.
In 1997, Tiffney took a slightly different tack and assessed specific 
Mesozoic plant groups as potential fodder on the basis of a comparative 
survey of growth forms, morphological structures, and chemical defenses 
in living relatives. He concluded that most Mesozoic gymnosperms 
would have been poor nutrition for the herbivorous dinosaurs, owing to 
their tough bark, hard and often spiny foliage, and wealth of indigest-
ible chemical compounds. Tiffney also postulated that plant tissues 
with the fewest structural and chemical defenses would have included 
cycadophyte pinnae, Ginkgo leaves, and possibly also the foliage of the 
Cheirolepidiaceae, an extinct conifer group. Even more succulent, as 
well as less heavily armed with chemical defenses, would have been 
angiosperm leaves, which would have become a common source of 
food in the mid-Cretaceous, at the onset of the angiosperm radiation 
and diversification.
Leckey (2004), in a master’s thesis, followed up on Tiffney’s ideas 
by looking for correlations between members of the Cretaceous flora 
and herbivorous dinosaur faunas in North America, primarily to dis-
cern possible coevolutionary relationships between the angiosperms and 
herbivores. Several statistical tests—second-order, nearest-neighbor, and 
bivariate K analyses—were used to find the degree of overlap between 
dinosaur and plant groups. Although a weak correlation was found be-
tween the sauropods and either conifers or angiosperms, there was a 
significant degree of overlap between end-Cretaceous (Campanian and 
Maastrichtian) ornithischians and angiosperms. Similarly, Weishampel 
and Norman (1989), Weishampel and Jianu (2000), Fastovsky and Smith 
(2004), and Butler et al. (2009) were unable to find support for the hy-
pothesis that the rise of the angiosperms influenced dinosaur evolution 
to any major extent.
Hummel and Clauss (in press) have suggested that one potential 
difference between feeding on conifers versus angiosperms could be the 
respective biomass that can be cropped in one bite, with higher returns 
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per bite associated with conifer foliage. It would have thus been more 
advantageous in terms of bite efficiency for the sauropods to have con-
sumed conifer foliage. Chewing herbivores, such as ornithopods, would 
have been more limited in their cropping efficiency by the time necessary 
for mastication; higher bite volumes would therefore not have necessarily 
translated into higher intake rates for them, at least not to the same extent 
as for nonmasticating herbivores such as sauropods. The end-Cretaceous 
association of ornithopods and angiosperms found by Leckey (2004) is 
interpreted here as a secondary effect of ornithopods choosing habitats 
where they faced less competition from sauropods.
The study of herbivory in modern animals, particularly mammals, is a 
large and economically important field that draws on the expertise of not 
only zoologists but also ecologists, animal nutritionists, and veterinarians. 
It is particularly the perspective of the last three that has many new and 
exciting insights to offer to the study of dinosaur herbivory, as will become 
apparent in the sections that follow.
Bulk Feeders Versus Selective Feeders
In comparison with extant ungulate herbivores (the modern ecological 
analog of the herbivorous dinosaurs), it becomes clear that the diet of 
large herbivorous dinosaurs must have consisted of vegetative plant parts 
(leaves, stems, bark), all of which are rich in cellulose and lignin and 
are therefore difficult to digest (Hummel and Clauss, in press). Food of 
higher quality, such as fruits and seeds, were probably eaten whenever 
available, but the high quantitative requirements of large herbivores—the 
need to eat a lot—as well as their comparatively large mouthparts, result 
in the necessity to forage rather unselectively (Demment and Van Soest 
1985), a strategy known as bulk feeding. This does not mean that large 
herbivores do not prefer high-quality food; there is just no way for them 
to obtain it in large enough amounts. Even in the giraffe, which is less of 
a bulk feeder than most other extant megaherbivores, seed pods (3%) or 
flowers (5%) make up minor proportions of the overall dry matter intake 
(Pellew 1984).
Digestive Tract and Scaling Effects
Because they consist largely of cellulose, plant cell walls can only be di-
gested with the help of symbiotic microbes. Given the broad distribution 
of a significant symbiotic gut flora, among the great majority of extant her-
bivores, the favorable growing conditions of the animal gut for microbes, 
the relative ease of acquiring a bacterial gut flora (Van Soest 1994), and 
the tremendously long existence of cellulolytic anaerobic bacteria (Van 
Soest 1994), the use of gut microbes in the digestion of the Mesozoic 
evidence from 
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leaves can be taken as the by far most likely possibility (Farlow 1987). Any 
scenario without symbiotic microbes implies an extreme intake level on 
the part of the herbivore, which is unlikely for large dinosaurs.
There is some uncertainty about the location of a fermentation cham-
ber within the dinosaur gut. The option of either hindgut fermentation, 
such as that in horses or elephants, or foregut fermentation, such as in 
ruminants or hippos, are both plausible, although the hindgut generally 
seems to be the more likely possibility, especially in large, nonchewing 
forms (Farlow 1987; Hummel and Clauss, in press).
Overall gut capacity (mass of gut contents) has been shown to scale 
with body mass (BM)1.0, while energy requirements scale with BM0.75
(reviewed in Clauss et al. 2008). From this relation, it can be concluded 
that the relative digestive capacity of herbivores increases with BM to 
some extent because more space is available in the gut per unit energy 
requirement. For example, Illius and Gordon (1992) considered ingesta 
retention time (the time that the ingested food stays in the gut) to scale 
with BM0.25, i.e., to increase with increasing BM in mammalian herbi-
vores. However, a recent reevaluation could not establish an increase in 
retention time above a BM threshold of 1–10 kg (Clauss et al. 2007), and 
raises some doubts about a simple relation of BM and retention time in 
mammals. Elephants are the best example for a megaherbivore with a 
comparatively fast passage time (Clauss et al. 2003). Apart from highly 
probable, differential adaptations to different forage types and their vary-
ing fermentation characteristics in mammals (Hummel et al. 2006), the 
influence of mastication efficiency in mammals must not be forgotten 
(Clauss and Hummel 2005). Actually, among large mammalian herbi-
vores, there appears to be a trade-off between mastication efficiency and 
ingesta retention that overrules the effects of BM on ingesta retention 
(Clauss et al. in press).
Therefore, when extrapolating from mammals to herbivorous dino-
saurs, one would simply expect the same variety in digestive strategies 
among those dinosaurs that had evolved a chewing mechanism (i.e., 
ornithopods and ceratopsians). In particular, it appears likely that these 
forms had comparatively high metabolic rates and could have posed 
considerable competition for one another, and especially for similar-
sized, nonchewing herbivores (e.g., ankylosaurs or stegosaurs). Sauro-
pods, however, are special. They neither chewed nor ground their food 
in a gizzard, and thus they most likely digested material of comparatively 
large particle size. Although experiments by Bjorndal et al. (1990) have 
shown that the rate of fermentation of large plant particles is much lower 
than that of finely comminuted ones, this may not have represented a 
problem to sauropod digestion (Hummel et al. 2008b). This is because 
the extraordinarily large body size of sauropods most likely allowed for a 
strong allometric increase in their gut capacity relative to energy require-
ments, as well as for an efficiency in digestion that would have precluded 
any competition from chewing herbivores (Hummel and Clauss, in 
press). In other words, only with a nonchewing form of food intake, 
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which was made possible by scaling effects of the digestive tract and long 
retention times, could the sauropods have attained the huge sizes they 
achieved during the Mesozoic, particularly in the Late Jurassic and Late 
Cretaceous (Sander and Clauss 2008).
Little if anything is known about the dietary quality of potential food 
plants of herbivorous dinosaurs, which mainly consisted of nonangio-
sperm plants. Evaluating extant relatives as proxies for potential dinosaur 
food plants obviously has the shortcoming of disregarding any changes 
that may have occurred in the plants during their long evolutionary his-
tory since the Mesozoic. However, the gross morphology and ecological 
preferences between some fossil and living plants, for example, Equi-
setum and Araucaria, are so similar that the extant generic names are 
applied to the fossil forms (e.g., Gould 1968; Gee 1989; Stockey 1994 and 
references therein; Gee and Tidwell 2010), implying that little change, 
structural, ecological, or otherwise, has occurred (Behrensmeyer et al. 
1992). Furthermore, there is good correlation between the structural 
variation of certain biochemical compounds and the evolutionary status 
of these plant taxa (Swain 1974).
Although diet quality has many facets—including energy content, 
protein content, and the content of certain elements (e.g., phospho-
rus)—the digestibility of the plant material and thus energy contained in 
it was considered to be the best overall parameter by Owen-Smith (1988). 
Hummel et al. (2008a) followed this rationale by testing the nearest liv-
ing relatives of potential dinosaur food plants for their energy content by 
means of an in vitro fermentation method (Menke et al. 1979) commonly 
used in feed evaluation for extant herbivores such as ruminants. Specifi-
cally, Hummel et al. (2008a) evaluated the degradability of ferns, horse-
tails, conifers, and other gymnosperms in response to herbivore hindgut 
fermentation (Fig. 14.8). Although Weaver (1983) already had evaluated 
the energy content of the nearest living relatives of dinosaur food plants, 
it should be noted that her approach of evaluating energy content from an 
analysis of gross energy (i.e., combustion energy) was fairly imprecise for 
estimating the actual energy available to an herbivore. For example, the 
gross energy of a piece of wood, which is hardly digestible to a herbivore, 
is similar to that of young leaves, which are relatively well digestible to 
the same herbivore.
In the in vitro experiments, the Mesozoic plant relatives performed 
moderately to very well and yielded energy levels comparable to extant 
dicot leaf species in many instances (Fig. 14.8; Plate 16; Table 14.1). 
Araucaria, a widespread conifer during the Mesozoic, has an intriguing 
pattern of fermentation behavior; its fermentation starts off rather slowly, 
but then quickly speeds up after 30 hours. This type of fermentation 
behavior would potentially favor a long retention time in the hindgut of 
a herbivore, such as that of a gigantic sauropod.
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Fig. 14.8. Fermentative 
behavior of potential dino-
saur food plants compared 
with that of angiosperms. 
Gas production in the Ho-
henheim gas test is plotted 
versus fermentation time. 
DM = dry matter; the mean 
and standard error of the 
mean of each data point 
are indicated. (A) Various 
gymnosperms compared 
to angiosperms. Note that 
Ginkgo and some conifer 
families (Cephalotaxaceae, 
Taxodiaceae, Pinaceae, and 
Taxaceae) performed at the 
level of dicot leaf browse, 
whereas podocarp conifers 
and cycads fared poorly. 
(B) Ferns compared with 
angiosperms. Note the great 
variability among ferns, 
including the poor perfor-
mance of the tree fern Dick-
sonia. (C) The Araucariaceae 
and horsetails (Equisetum 
spp.) compared with angio-
sperms. Note that horsetails 
even surpass grasses and 
that araucarias outperform 
dicot leaf browse after 72 
hours. Modified from Hum-
mel et al. (2008a).
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The horsetails (Equisetum spp.) were another plant group that 
performed surprisingly well. Interestingly, despite the high content 
of abrasive silica, living horsetails are indeed fed on by a few extant 
herbivores such as geese and waterfowl (Gee in press).
Protein levels of most plants investigated were at acceptable levels for 
herbivores (Table 14.1), although they were found to be low in Araucaria
(Hummel et al. 2008a), suggesting that a pure Araucaria diet would have 
been insufficient for a large sauropod and that other plants must have 
been taken in as well.
In summary, the results of the in vitro fermentation experiments of 
Hummel et al. (2008a) indicate that, on the basis of the nutritive analysis 
of their nearest living relatives, the Mesozoic flora would have offered 
solid nutrition for the herbivorous dinosaurs. In vitro fermentation experi-
ments and a comprehensive evaluation of the dietary quality of recent 
relatives of potential dinosaur food plants invites further exploration.
Because herbivory is the major pathway of energy flow in terrestrial 
ecosystems from the Late Paleozoic to the present day, the study of di-
nosaurian herbivory is necessary for understanding the evolution of ter-
restrial ecosystems. In this chapter, we have reviewed the various lines of 
evidence for dinosaur herbivory, starting with the most tangible evidence, 
the fossil teeth (including their enamel microstructure) and bones of 
the dinosaurs themselves. Long recognized and more tantalizing is the 
evidence provided by the rare finds of fossilized digestive tract contents, 
permineralized feces, and dinosaur tracks. The major impetus for writ-
ing this review, however, did not come from new discoveries in this area, 
but rather from new data derived from the fields of ecology and animal 
nutrition, which provide a wholly different angle on the subject.
It turns out that the herbivory of advanced ornithischians dinosaurs 
(ornithopods and ceratopsians) resembles that of modern-day herbivores 
(Norman and Weishampel 1985; Weishampel and Norman 1989). More 
synthesis and 
conclusions
Sample Type 
(number of spp.)
ME (Gp 72 h) (MJ/
kg DM)
ME (Weaver, 
1983) (MJ/kg 
DM)
Crude 
Protein  
(% DM)
NDF  
(% DM)
Equisetum (3) 11.6 (10.8–12.9) 5.3 11.7 48.4
Grasses (16) 11.3 (9.3–13.6) 15.3 62.8
Forbs (11) 10.4 (9.1–11.9) 19.8 37.8
Araucariaceae (5) 9.4 (8.0–11.6) 7.0 4.4 65.2
Ginkgo (1) 8.6 6.7 15.6 27.5
Various conifers (13) 8.3 (6.3–10.8) 7.0 (6.4–7.5) 10.0 51.3
Various ferns (9) 7.7 (4.7–11.7) 6.6 (5.4–7.4) 11.5 62.8
Dicot leaf browse (13) 7.5 (5.5–10.0) 20.7 43.2
Tree ferns (5) 6.4 (3.6–9.3) 6.9 (6.6–7.2) 11.3 63.6
Cycads (7) 6.1 (4.4–7.7) 7.6 (7.1–8.6) 11.4 65.3
Podocarpaceae (3) 5.9 (5.0–6.1) 6.6 62.3
table 14.1. Nutrient and 
Metabolizable Energy 
(ME) Content of Potential 
Dinosaur Food Plants
Note. The ME content based 
on Weaver’s (1983) data 
was obtained by multiplying 
gross energy with a factor 
of 0.5 (digestible energy, 
according to Weaver 1983) 
and consequently with a 
factor of 0.76 (according to 
Robbins 1993). DM = dry 
matter; NDF = neutral deter-
gent fiber; Gp 72 h = results 
from the 72-hour trials.
Source. Modified from  
Hummel et al. (2008a).
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precisely, herbivory in mammals evolved convergently in many ways to 
that of advanced ornithischian dinosaurs, after these dinosaurs went ex-
tinct at the end of the Cretaceous. The evolutionary origin of herbivory 
in ceratopsian and ornithopod dinosaurs began within the early dino-
saurs that did not chew, but simply bit off and swallowed plant matter 
(Fastovsky and Smith 2004), much as living herbivorous reptiles such as 
iguana lizards and turtles do today. This plant matter was then digested 
by symbiotic microbes in special fermentation chambers in their gut 
(Farlow 1987; Hummel et al. 2008a). Most basal ornithischians dinosaurs 
(armored dinosaurs and pachycephalosaurs) were more highly evolved 
than this and must have engaged in some sort of oral processing of their 
food, which was aided by the presence of fleshy cheeks (Norman and 
Weishampel 1985; Fastovsky and Smith 2004). Full-fledged mastication 
evolved twice among ornithischians, in the ceratopsians and the ornitho-
pods (Norman and Weishampel 1985; Weishampel and Norman 1989). 
Saurischians, on the other hand, modified primitive reptilian herbivory 
to a much lesser extent but were still able to evolve some very large body 
sizes with it, surpassing the largest mammalian herbivores and the larg-
est ornithischian dinosaurs by an order of magnitude in BM (Sander 
and Clauss 2008). In other words, the sauropods show that chewing is 
not a prerequisite for evolving gigantic body size. Advanced herbivorous 
theropods apparently used gastric mills of the kind still in existence in 
birds today (Wings and Sander 2007). This is what can be gleaned from 
the paleontological evidence.
The organisms that bore the brunt of herbivory, namely, terrestrial 
plants growing during Mesozoic, have not yet yielded much direct in-
formation on dinosaurian herbivory. Evaluation of their attractiveness as 
fodder to the specific groups of dinosaurs has been limited because fossil 
evidence of dinosaur bite or gnaw marks on leaves, branches, bark, or re-
productive structures has not been documented; this is in direct contrast 
to insect herbivory, in which evidence of arthropod-mediated damage 
occurs on plant parts throughout the last 420 million years, even on some 
of the oldest land plants of the Late Silurian (Labandeira 2006). In the 
better-substantiated cases of fossil gut contents and coprolites, it should 
be noted that a monotypic nature is characteristic in regard to plant parts 
and generally monospecific composition in regard to plant species.
Paleobotanical studies have attempted to infer interaction between 
plants and dinosaurs by focusing on patterns of co-occurrence with refer-
ence to the possible coevolution of dinosaurs and angiosperms in the mid-
Cretaceous. Despite several attempts (Coe et al. 1987; Taggart and Cross 
1997; Tiffney 1997; Weishampel and Jianu 2000; Leckey 2004; Butler et 
al. 2009), clear support for this intriguing hypothesis has not come forth, 
and the dinosaurs show remarkably little response to this major event in 
the evolution of terrestrial ecosystems.
As most potential food plants of the dinosaurs have living relatives, 
they represent fertile ground for comparative studies. Comparisons based 
on growth habit, morphology, and chemistry of the plant tissues have led 
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to the prevailing view that soft-leaved and chemically poorly defended 
plant parts such as the foliage of the ferns, seed ferns, and ginkgoes must 
have played a major role in dinosaur nutrition (Coe et al. 1987; Tiffney 
1997).
Recent fermentation experiments on the living relatives of the Me-
sozoic flora (Hummel et al. 2008a) suggest that horsetails, Angiopteris 
and Osmunda ferns, araucarias and other nonpodocarpaceous conifers, 
and ginkgoes would have been good to excellent sources of food energy 
to herbivorous dinosaurs, while cycads, podocarpaceous conifers, and 
dicksoniaceous tree ferns would have been the least attractive.
Ecological considerations, namely, that large dinosaurs must have 
been bulk feeders, also indicate that the plants most commonly con-
sumed by dinosaurs must have offered large amounts of biomass and 
were able to regenerate quickly (Gee, in press; Hummel and Clauss, 
in press). This again points to conifers as major food plants in a prean-
giosperm world (see also Hotton and Baghai-Riding 2010), while cycads 
must have played a minor role in the diet of herbivorous dinosaurs as 
a result of the small amounts of nonnutritious biomass that they offer, 
coupled with a slow rate of regeneration (Gee, in press). We have shown 
that comparison with digestive tract anatomy and digestive physiology 
of modern herbivores sheds much light on the subject of dinosaur her-
bivory, particularly that of sauropods. Isometric scaling of gut capacity 
with body size means that the sauropods were able to enjoy the benefits 
of primitive reptilian herbivory (i.e., higher food uptake rate as a result 
of the lack of chewing) without suffering from the negative effects (i.e., 
slow digestion) (Sander and Clauss 2008; Hummel and Clauss, in press).
Thus, the application of methods from animal nutrition science and 
animal ecology results in a greatly improved picture of dinosaurian her-
bivory, especially in regard to the dominant herbivores of the Mesozoic, 
the giant sauropods, mainly because unlike other dinosaur groups, the 
herbivory of these giant dinosaurs lacks a modern analog. The study of 
dinosaurian herbivory helps to improve our understanding of mammalian 
herbivory in modern ecosystems and thus transforms paleontology from 
an academic study of fossil organisms to a valuable tool to be used in 
understanding contemporary life on earth.
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